ABSTRACT We used the aquatic communities living in the purple pitcher plant (Sarracenia purpurea L., Sarraceniaceae) to determine if patterns produced by trophic interactions at the local scale can be detected at larger spatial scales. Mosquitoes (Wyeomyia smithii Coq., Diptera: Culicidae) are known to have a negative effect on the aquatic microfauna within leaves. We compared the abundance of two microfaunal taxa, Bodo (Kinetoplastea: Bodonidae) and Habrotrocha rosa Donner (Rotifera: Bdelloidea), in bogs with and without pitcher plant mosquitoes. Bogs containing pitcher plant mosquitoes had lower densities of bacteria through the study period. However, within these bogs, leaves with mosquitoes did not have lower bacterial densities. We found that the pattern for Bodo was similar at the leaf and bog spatial scales. Abundance of Bodo was closely linked to bacterial densities and the presence of mosquitoes strengthened that relationship, because of greater predator impacts when bacteria were scarce. In contrast, different patterns emerged at the two scales for H. rosa. At the leaf scale, a predator effect was seen only for low bacterial densities (as for Bodo), but at the bog scale, H. rosa was less abundant in mosquito bogs, and abundance was not associated with bacterial levels. We suggest that differences in life history characteristics (population growth rate and average abundance) may inßuence the relative inßuence of local interactions and regional processes such as colonization.
THE DEGREE TO WHICH broad scale patterns in community structure are caused by local processes versus regional processes is poorly understood for most communities. One possibility is that strong interactions at the local scale may scale-up to produce regional patterns in abundance and diversity (Wooton 2001) . In these cases, models of local interactions accurately predict regional patterns in distribution and abundance. A competing hypothesis is that local interactions do not scale-up directly without the incorporation of spatial patterns in dispersal, productivity, and mortality (Maron and Harrison 1997, Cronin et al. 2000) . When this is the case, there typically are temporal or spatial discontinuities between the distribution and abundance of the predator and its prey, and models based only on local interactions are incapable of reproducing regional patterns.
The local dynamics of the microfaunal populations living in the purple pitcher plant (Sarracenia purpurea L., Sarraceniaceae) are strongly inßuenced by predation. Predation by mosquito larvae (Wyeomyia smithii Coq., Diptera: Culicidae) causes shifts in the relative abundances of the various members of the microfaunal community by direct consumption and by altering bacterial density and composition (e.g., Addicott 1974 , Cochran-StaÞra and von Ende 1998 , Trzcinski et al. 2005 . In addition, mosquito predators decrease the probability of establishment, increase temporal variability, and decrease persistence time for some taxa , Trzcinski et al. 2005 . As a consequence, mosquitoes can cause an overall reduction in microfaunal diversity (Addicott 1974, Kneitel and .
If local interactions directly scale-up in pitcher plant communities, regional patterns in the abundance of the aquatic microfauna may simply reßect the distribution and abundance of mosquitoes. There is some support for this hypothesis at the very largest spatial scale, where the species richness of protozoa and bacteria within pitcher plants increases with latitude as mosquito abundance decreases (Buckley et al. 2003) . At regional scales (among bogs), mosquito distribution has been linked to factors such as microclimate, and landscape features (e.g., proximity to forest edges, bog isolation) (Heard 1994a , Miner and Taylor 2002 , Krawchuk and Taylor 2003 , as well as Þner features within a bog (Trzcinski et al. 2003 ) and protozoa abundance and distribution may follow similar patterns.
A simple empirical method for determining the contribution of local trophic interactions to regional patterns in abundance, short of parameterizing complex spatial models, is to compare statistical models that differ only in one parameterÑthe spatial scale at which the trophic interaction is tested. If the similar effects of predation are observed at the broader spatial scale, there is some evidence for direct scaling-up. If not, either other local processes predominate or broad scale processes such as predator and prey dispersal or spatial patterns in productivity or survival need to be incorporated.
In this study, we wanted to determine if the effect of mosquitoes on the population abundance of microfauna observed at the scale of individual pitcher plant leaves can be detected at the spatial scale of a bog. Toward the northern extreme of the range of pitcher plant communities, mosquitoes are absent from some bogs. We measured the abundance of two microfaunal taxa commonly found in pitcher plants, the ßagellate Bodo (Kinetoplastea: Bodonidae) and the rotifer Habrotrocha rosa Donner (Rotifera: Bdelloidea), and determined whether differences in abundance are associated with the presence of mosquitoes at both leaf and bog spatial scales.
Materials and Methods
Protozoan samples were collected from six bogs in western Newfoundland (Fig. 1) in August 2000 (a subset of the bogs used in Miner and Taylor 2002) . Three were known not to contain pitcher plant mosquitoes. The bogs varied in size from small (10 Ð200 m in diameter) to large (500 Ð2,000 m in diameter), and were separated by distances of 0.5Ð12 km. All were within 1 km of the coast and had the same orientation to the coastline.
We randomly located 20 plants in each bog, selected the Þrst leaf produced from each plant, and collected microfaunal samples on 20, 25, and 30 August. For each leaf, we measured water depth, pipetted three samples (170 l) from mid-depth, touching the edge of the leaf, and replaced the liquid with distilled water. Samples were preserved with 10 l HgCl 2 (saturated) and refrigerated until analyzed. We reduced sampling effort when water level was low: depth Ͻ5 mm, no sample; 5Ð10 mm, one sample; 11Ð20 mm, two samples. A total of 1,162 water samples were collected from 118 leaves.
We focused on the ßagellate Bodo, and the rotifer H. rosa because they were common and easy to identify and because they have been the focus of other recent studies (Cochran-StaÞra and von Ende 1998 , Bledzki and Ellison 1998 . Because densities were frequently low, we concentrated samples before counting, centrifuging lightly (500g for 10 min) and removing the top 145 l (80%). We resuspended the remaining 35 l, and loaded a hemocytometer with two 10-l drops. For each drop, we scanned 0.016 l at ϫ400 for Bodo, and 0.9 l at ϫ100 for H. rosa, producing detection limits of 343/ml (Bodo) and 3.3/ml (H. rosa) of unconcentrated ßuid. We used a regression model to estimate water volume and multiplied densities by water volume to obtain an estimate of total abundance in each leaf (Trzcinski et al. 2005) . We classiÞed bacterial densities (viewed at ϫ400) into Þve categories: none, low, medium, high, and extremely high (0, 1Ð5, 6 Ð99, 100 Ð500, Ͼ500 cells/ 0.004 l of concentrated ßuid, respectively).
On the last date, we collected and measured the leaves, (length, maximum diameter); two leaves were lost or damaged, reducing our sample size to 118 leaves. We Þltered leaf contents (85-m mesh) and counted mosquitoes, midges (Metriocnemus knabi Coq., Diptera: Chironomidae), mites (Sarraceniopus gibsoni Nesbitt, Acari: Histiostomatidae), and the head capsules of other arthropods retained on the mesh (at ϫ25 power). Mites were found in most leaves (114/118) but were uncorrelated with any of the microfauna and were excluded from further analyses. A sarcophagid ßy (Fletcherimyia fletcheri Aldrich, Diptera: Sarcophagidae) pupates during midsummer, and larvae were not present in the leaves at the time of collection.
We were principally interested in comparing microfaunal abundance in bogs with and without mosquitoes. We tested for the effect of mosquitoes within a bog on the abundance of Bodo and H. rosa and bacteria over our study period using a generalized linear mixed effects model (glmmPQL in S-plus 6.2), similar to the methods presented in Trzcinski et al. (2003) . Because midges also affect bacterial and protozoan abundance (Heard 1994b , Trzcinski et al. 2005 , we included midge abundance and bacterial density as covariates in our models of Bodo and H. rosa abundance. We assumed a Poisson error distribution for Bodo and H. rosa abundance (untransformed data) and a Gaussian error distribution for bacterial densities. We treated bog, leaf within bog, and repeated samples of a leaf on a given date as random effects. We removed the sampling variability within date (random effect) and tested for linear trends over time (Þxed effect). The bogs in this study are treated as replicates of bogs of two typesÑwith or without mosquitoes (Þxed effect). We tested for the Þxed effects of bog type (presence of mosquitoes), abundance of midges, changes in abundance over our study period (linear), and all two-way interactions with bog type. Entering bog type Þrst or after our covariates had no effect on any of our conclusions. Models with the same structure were used to test the effect of mosquito presence within a leaf in bogs containing Wyeomyia smithii. We examined residuals plots to assess model Þt, and interpreted our results based on coefÞcients, SE, and the proportion of deviance explained (F-tests on deviances, scaled by their degrees of freedom; Venables and Ripley 1999). We also tested for differences in leaf length, number of head capsules, and midge density between mosquito and no-mosquito bogs. In these tests, parameters were estimated using separate oneway generalized mixed effects models where only a bog level random effect was estimated.
Results
In bogs with mosquitoes, 22.4% of the leaves were occupied by mosquitoes at the time of collection, and abundance ranged from one to three larvae per leaf. No mosquitoes were found in leaves from bogs thought to be free of mosquitoes, conÞrming results from previous censuses (Miner and Taylor 2002) .
Most of the variation in Bodo abundance at both the leaf and bog scale was explained by the presence/ absence of mosquitoes, variation in bacterial densities, temporal changes in abundance, and their interactions (Tables 1 and 2 ). The strongest relationships, at both the leaf and bog scale, involved bacterial densities. At both scales, higher numbers of Bodo were found in pitchers with high bacterial densities, and at both spatial scales, the steepness of the relationship was higher in the presence of mosquitoes (mosquito ϫ bacteria interactions; Tables 1 and 2 ). In addition, average Bodo abundance was lower in bogs with mosquitoes throughout the study period ( Fig. 2 ; Table 1 ).
Most of the variation in H. rosa populations at the bog scale was associated with time at both the leaf and bog scales (Tables 1 and 2 ). There was a positive relationship between H. rosa abundance and bacterial densities, but only in the presence of mosquitoes and only at the leaf scale (Table 2) . Average abundance of H. rosa was lower in bogs with mosquitoes initially, but the effect was no longer present on the last sampling date (Fig. 2) . The presence of mosquitoes in a bog also affected the relationship between midges and the microfaunal taxa (Table 1 ). In bogs with mosquitoes, the abundances of both Bodo and H. rosa declined with midges. Without mosquitoes, however, Bodo increased with midge abundance and there was no relationship between H. rosa and midges. Bacterial densities were lower in bogs containing pitcher plant mosquitoes through the study period (Table 1) . However, within these bogs, leaves with mosquitoes did not have lower bacterial densities ( Table 2) .
The variance components analysis (variance estimates of random effects) showed that there was more variation in Bodo and H. rosa abundance and bacterial density among plants (one leaf sampled per plant) than among bogs (Table 3 ). Among bog variation in H. rosa, abundance was more than twice as large as Bodo abundance. Bogs without mosquitoes tended to have shorter leaves (P ϭ 0.07) but were similar to bogs containing mosquitoes in resource capture rates and midge abundance (Table 4) .
Discussion
Local interactions (mosquito predation, midge shredding, competition) are known to affect the local population dynamics of the aquatic microfauna living in pitcher plant leaves (Addicott 1974 , Heard 1994b , Cochran-StaÞra and von Ende 1998 , Trzcinski et al. 2005 ). Here we show that the population sizes of Bodo and H. rosa differed between leaves and bogs with and without mosquitoes. The similarity in our models of Bodo abundance at the two spatial scales suggests that the major trophic interactions scale-up, producing similar patterns of regional Bodo abundance. Bodo numbers were closely linked to bacterial densities at the leaf scale, suggesting resource limitation. This relationship was steeper for leaves with mosquitoes, with Bodo abundance lower than expected at low bacterial densities. Mosquitoes could have lowered Bodo numbers directly through consumption or through competition for the scarce bacterial resources. Consumption seems the more likely mechanism, because there was no evidence that mosquitoes depressed bacterial numbers at the leaf scale. The similarity of the patterns at the bog scale suggest that resource (bacterial) density remains a key determinant of Bodo abundance at larger scales and that mosquitoes modify the relationship in a similar manner, depressing Bodo densities where resources are scarce.
In contrast, patterns at the bog scale do not closely reßect those at the leaf scale for H. rosa populations. The pattern for H. rosa at the leaf scale was similar to that seen for Bodo; H. rosa abundance also increased with bacterial density, and the relationship was stronger for leaves with mosquitoes. At the bog level, however, H. rosa and bacterial densities were unrelated, regardless of the presence of mosquitoes. At this scale, therefore, some other factor(s) were the prime determinants of H. rosa abundance. Bacterial levels in bogs without mosquitoes may have been sufÞciently high that H. rosa numbers were limited by factors such as dispersal rather than by resources. At the bog scale, mosquitoes may have depressed H. rosa numbers sufÞciently, at least over the earlier sampling dates, that no relationship with bacteria was observed. The shift in relationships between H. rosa, mosquitoes, and bacteria across scales suggests that regional factors (e.g., dispersal, environmental heterogeneity) may play a greater role in determining regional patterns of abundance for H. rosa than for Bodo. In summary, mosquitoes seem to reduce Bodo densities only at low bacterial densities at both leaf and bog scales. Mosquitoes inßuence H. rosa in a similar manner at the leaf scale, but reduce abundance across bacterial densities at the bog scale, at least for part of the season.
Bodo, a microßagellate, and H. rosa, a rotifer, differ in ways that likely affect their vulnerability to mosquitoes and perhaps their relationship to bacterial abundance. Mosquito larvae Þlter feed just below the water surface. Larvae will dive when disturbed, but do not normally feed at lower depths. Lifestyle comparisons seem to suggest that Bodo should be more vulnerable to mosquito predation, because of its small size, planktonic swimming, and feeding habits. H. rosa is much larger (Ϸ15 times) and Þlter feeds in the water column or while attached to substrate (leaf edge, detritus). While on these substrates, H. rosa is less susceptible to mosquitoes, and it has been suggested that the rotiferÕs persistence under natural conditions is linked to use of such refugia (Bledzki and Ellison mosquitoes within a leaf (Mosq), the density of bacteria, and the no. of midges on 1998). However, previous work suggests that mosquitoes have a greater effect on the abundance and persistence of H. rosa than Bodo populations (Trzcinski et al. 2005) . A likely explanation is the higher potential growth rate of Bodo. Bodo populations can double every 5 h, and thus can both closely track resource levels and compensate for losses caused by predation. Estimated doubling time for H. rosa is 14 h, and thus predation can more easily decouple the consumerÐ resource relationship. Larger body size and lower overall population size for H. rosa also means that colonization by passive means such as wind dispersal are more likely to be limiting for the rotifer.
We have interpreted the differences in microfaunal abundance among bogs in terms of presence/absence of mosquitoes. It is, of course, possible that the differences between bogs with and without mosquitoes were caused by other factors that co-varied with mosquito distribution. However, none of the obvious factors seem likely to have produced the patterns. Midge abundance, resource levels, and water levels were similar. Average leaf size did differ, but the difference (smaller in no mosquito bogs) should have led to fewer rather than more Bodo and H. rosa in these bogs. Thus, although this type of study cannot eliminate the possibility that some unmeasured factor caused the patterns, the presence of mosquitoes seems to be the most likely cause. The pitcher plant community is highly dynamic over time (Addicott 1974 , Kneitel and Miller 2003 , Trzcinski et al. 2005 , and temporal changes in community structure may affect when trophic interactions do or do not scale-up. Thus, it also remains possible that trophic interactions involving H. rosa may scale-up more strongly at other times of the year. Fig. 2 . The dynamics of Bodo and Habrotrocha rosa populations and trends in bacterial density in 118 leaves located in three bogs without mosquitoes (solid line) and three bogs with mosquitoes (dashed line). Error bars are ϮSE. Bacterial densities were classiÞed into Þve categories: none, low, medium, high, and extremely high. Results are expressed as a proportion of the total variance explained by random effects and residual variance. Only the Þrst leaf produced by the plant was sampled. Parameters were estimated using separate one-way generalized mixed effects models where only a bog level random effect was estimated.
We found greater variability in the abundance of Bodo and H. rosa among plants (leaves were collected from separate plants) than among bogs. To our knowledge, this is the Þrst study to report variance components across spatial scales for the pitcher plant microfauna. The pattern is similar to that seen for mosquito and midge abundance from these bogs, where among-bog variation was important, but among-leaf and among-plant variation was greater (Miner and Taylor 2002, Krawchuk and . A contrasting pattern was seen in the southern part of the range for pitcher plant communities, where mosquitoes are more abundant. Similar amounts of variability were found at bog, subpopulation within bog, and plant scales for the mosquito, whereas the greatest variability in midge abundance was among bogs (Harvey and Miller 1996) . If mosquitoes also structure pitcher plant communities in the south, we would expect the variance components of the microfauna to mirror that of mosquitoes. Pitcher plant mosquitoes are clearly a key species in this community, making decisions at several spatial scales when choosing where to oviposit (Trzcinski et al. 2003, Krawchuk and ; these decisions affect microfaunal population dynamics (Addicott 1974 , Cochran-StaÞra and von Ende 1998 , Trzcinski et al. 2005 ) and ultimately inßuence the pitcher plantÕs supply of nitrogen and phosphorus (Bledzki and Ellison 1998, Ellison and Gotelli 2002) .
Midges are expected to have a positive effect on microfaunal abundances because they increase the decomposition rate in pitcher plant leaves and thus the abundance of bacteria (Heard 1994b , Trzcinski et al. 2005 . Positive associations between midges and Bodo abundance were seen in previous work 710 km to the southwest (Trzcinski et al. 2005) . In this study, however, Bodo increased with midges only in bogs without mosquitoes, and in mosquito bogs, there was actually a negative association between midges and both Bodo and H. rosa. It seems unlikely that midges were competing with or harming Bodo or H. rosa directly, and thus the association is likely because of the fact that leaves with high numbers of midges were more likely to also contain mosquitoes (Heard 1994b) . The pattern does suggest, however, that any enhanced resource availability caused by shredding by midges was not enough to offset negative effects on abundance by mosquitoes.
Mosquitoes have been found in all parts of the pitcher plantÕs range and were present in all the samples collected by Buckley et al. (2003) . So why are mosquitoes absent from some bogs in Newfoundland? Possible explanations are (1) dispersal is low and therefore mosquitoes have never colonized or (2) microclimate conditions are such that mosquitoes frequently or occasionally go extinct in some bogs, and recolonization has not yet occurred. It seems unlikely that some bogs have never been colonized, while relatively nearby locations have mosquitoes. However, colonization rates are probably low, because these mosquitoes are reported to be weak ßyers (Istock and Weisburg 1987 , Heard 1994a , Krawchuk and Taylor 2003 , and genetic work indicates that between bog movements are infrequent (Istock and Weisburg 1987, Ambruster et al. 1998 ). Features such as bog size and exposure will also affect the probability that particular bogs are colonized (Miner and Taylor 2002) . Occasional or even frequent extinctions may well occur in some bogs, because the study area is at the northern limit of the distribution of the pitcher plant mosquito, with presumably correspondingly low survival rates. Heard (1994a) suggested that low temperatures cause extinctions in wind swept bogs because of the absence of insulating snow. It is also possible that higher rates of desiccation in exposed bogs may contribute to or cause extinctions (Miner and Taylor 2002) .
There is tension in spatial ecology between those that favor explaining spatial patterns in communities as a function of local processes that scale up and those that interpret patterns in terms of regional processes (e.g., movement, community assembly, disturbance) (Tilman and Kareiva 1997) . In general, local effects do not scale up directly to larger spatial scales when site or regional abundance is signiÞcantly modiÞed by dispersal and/or environmental heterogeneity. For example, regional patterns cannot be understood without considering dispersal in tussock moths and their parasitoids (Maron and Harrison 1997, Wilson et al. 1999) or bark beetles and their predators (Cronin et al. 2000 , Turchin 2003 . In a similar manner, environmental heterogeneity must be included to explain regional patterns in the intertidal; the consequences of local competitive and predatory interactions for large scale patterns of abundance depend on spatial variation in waves and oceanic conditions (Thrush et al. 2000 , Wooton 2001 , Guichard et al. 2003 . In pitcher plant microfaunal communities, local interactions scaled-up for one taxon, Bodo; predators strengthen the relationship between Bodo and bacterial densities at both local and regional scales. In contrast, the effect of predators on H. rosa changes across scales, suggesting that regional processes come into play at larger scales. Dispersal and/or environmental heterogeneity set the limit to the scaling-up; factors affecting mosquito distribution determine where microfaunal communities are structured by predation and where other factors (resource levels and competition) probably play a greater role.
